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RI PDQ\ LQGXVWULDO SURFHVVHV 7KH XQSUHGLFWHG YDULDWLRQ RI PRLVWXUH FRQWHQW LQ SDUWLFOHV DIIHFWV WKH
DFFXUDF\RIPDVVIORZPHDVXUHPHQWRISDUWLFOHVLQHQFORVHGSLSHOLQHVXVLQJHOHFWURVWDWLFHOHFWURGHV,Q
WKLVVWXG\WKHFKDUDFWHULVWLFVRIPHDVXUHGHOHFWURVWDWLFVLJQDOVIURPSDUWLFOHIORZXQGHUGLIIHUHQWIORZ
FRQGLWLRQVDUHDQDO\VHG WR VWXG\ WKHHIIHFWRIPRLVWXUHFRQWHQWRQ WKHPDVV IORZ UDWHPHDVXUHPHQW
7KHPHDVXUHPHQWSULQFLSOHRIULQJVKDSHGHOHFWURVWDWLFHOHFWURGHVWKHHIIHFWVRIPRLVWXUHFRQWHQWRQ
HOHFWULILFDWLRQRIVROLGSDUWLFOHVDQGWKHH[SHULPHQWDOVHWXSXVHGLQWKHVWXG\DUHSUHVHQWHG7ZRW\SHV
RI HOHFWURVWDWLF HOHFWURGHV ZLWK GLIIHUHQW D[LDO ZLGWKV DQG VWUXFWXUH DUH DGRSWHG WR PHDVXUH WKH
HOHFWURVWDWLF VLJQDOV RI QRQSRURXV JODVV EHDGV DQG SRURXV DFWLYDWHG FDUERQ SRZGHU RQ WKH YHUWLFDO
SLSHOLQHRIDPPERUHJDV±VROLGWZRSKDVHIORZWHVWULJXQGHUYDULRXVPRLVWXUHFRQWHQWPDVVIORZ
UDWH DQG FRQYH\LQJ YHORFLW\ FRQGLWLRQV 7KH H[SHULPHQWDO UHVXOWV LQGLFDWH WKDW WKH DPSOLWXGH DQG
IUHTXHQF\FKDUDFWHULVWLFVRIWKHHOHFWURVWDWLFVLJQDOVFKDQJHZLWKWKHPRLVWXUHFRQWHQW7KHGHYLDWLRQ
RI PDVV IORZ PHDVXUHPHQW WKDW FDXVHG E\ WKH YDULDWLRQ RI PRLVWXUH FRQWHQW LV DQDO\VHG DQG D
UHFDOLEUDWLRQSURFHVVLVGHPRQVWUDWHGWREHHIIHFWLYHIRUWKHLPSURYHPHQWRIPHDVXUHPHQWDFFXUDF\
.H\ZRUGV Gas±solid two-phase flow, moisture content, mass flow rate, electrostatic electrodes, 




































JHQHUDWLRQ FKHPLFDO HQJLQHHULQJ IRRG SURFHVVLQJ DJULFXOWXUDO LQGXVWULHV HWF 2QOLQH PDVV IORZ
PHDVXUHPHQWRISQHXPDWLFDOO\FRQYH\HGSDUWLFOHVSOD\VDYLWDOUROHIRUWKHRSWLPDOFRQWURORIUHODWHG
LQGXVWULDOSURGXFWLRQSURFHVVHV+RZHYHUWKHUHOLDEOHPHDVXUHPHQWRIPDVVIORZUDWHXQGHULQGXVWULDO
FRQGLWLRQV KDV EHHQ D FKDOOHQJLQJ SUREOHP DV PRVW RI WKH H[LVWLQJ PHDVXUHPHQW WHFKQLTXHV DUH
YXOQHUDEOHLQLQGXVWULDOHQYLURQPHQW>±@
7KHHOHFWURVWDWLFVHQVLQJWHFKQLTXHRIIHUVDSUDFWLFDOVROXWLRQWRVXFKDPHDVXUHPHQWSUREOHPRZLQJ
WR LWV DGYDQWDJHV RI UREXVWQHVV QRQLQWUXVLYHQHVV SDVVLYH PHDVXUHPHQW FRVWHIIHFWLYHQHVV DQG OHVV
PDLQWHQDQFH RYHU RWKHU WHFKQLTXHV >@/DZ SURSRVHG DQ LQVWUXPHQW LQ  IRU WUDFNLQJ DLUERUQH
DJULFXOWXUDOSDUWLFXODWHVEDVHGRQDVLPSOHPDWKHPDWLFDOUHODWLRQVKLSEHWZHHQWKHLQGXFWLRQFXUUHQWRQ
GHWHFWLRQHOHFWURGHVDQGWKHHOHFWURVWDWLFFKDUJHVRQPRYLQJSDUWLFOHV>@6LQFHWKHQHQRUPRXVHIIRUW
KDV EHHQ GHYRWHG WR WKH PDWKHPDWLF PRGHOOLQJ DQG VHQVLQJ FKDUDFWHULVWLFV RI YDULRXV W\SHV RI
HOHFWURVWDWLF HOHFWURGHV >±@ DQG WKHLU DSSOLFDWLRQV IRU WKH IORZ PHDVXUHPHQW RI SQHXPDWLFDOO\
FRQYH\HG SDUWLFOHV XQGHU UHVWULFWHG ODERUDWRU\ FRQGLWLRQV >±@ DQG RQ WKH LQGXVWULDO SQHXPDWLF
IDFLOLWLHV >@ ,Q DQ LQGXVWULDO HQYLURQPHQW SDUWLFXODWH PDWHULDOV XVXDOO\ FRQWDLQ  WR 
PRLVWXUHFRQWHQWGHSHQGLQJXSRQPDWHULDOVRXUFHVWRUDJHFRQGLWLRQVDQGSURFHVVUHTXLUHPHQWV>@
)RU H[DPSOH LQ D FRDOILUHG SRZHU SODQW SXOYHULVHG FRDO FDQ EH YHU\ ZHW GXH WR RSHQDLU VWRUDJH
FRQGLWLRQV 7KH KLJK PRLVWXUH FRQWHQW LQ SDUWLFOHV UHVXOWV LQ ZHDN HOHFWURVWDWLF VLJQDOV DQG KHQFH
XQUHOLDEOHPDVVIORZPHDVXUHPHQW:KHQ LW LVKLJKHQRXJKDQG WKH WHPSHUDWXUHRIFRQYH\LQJDLU LV
EHORZDFHUWDLQYDOXHWKHHOHFWURVWDWLFHOHFWURGHVPD\QRWZRUNDVPRLVWXUHYDSRUDQGFRDOGXVWFDQ
FRYHU WKH VXUIDFH RI WKH VHQVLQJ HOHFWURGHV DQG IRUP D JURXQGHG HOHFWURPDJQHWLF VKLHOG +RZHYHU




FKDUJH UHGXFWLRQ RQ SDUWLFOHV >@ DQG WKXV OHDG WR HUURUV LQ PDVV IORZ PHDVXUHPHQW 7KLV














IORZ WHVW ULJ XVLQJ WZR NLQGV RI PDWHULDOV QDPHO\ JODVV EHDGV DQG DFWLYDWHG FDUERQ SRZGHU ZLWK




(OHFWURVWDWLF VHQVLQJ EDVHG PDVV IORZ PHDVXUHPHQW LV UHDOLVHG E\ PHDVXULQJ WKH YHORFLW\ DQG
YROXPHWULF FRQFHQWUDWLRQ RI SQHXPDWLFDOO\ FRQYH\HG SDUWLFOHV ,Q WKH SUHVHQW VWXG\ WKH SDUWLFOH
YHORFLW\LVPHDVXUHGXVLQJWKHFURVVFRUUHODWLRQYHORFLPHWU\ZKLFKHVVHQWLDOO\PHDVXUHVWKHVLPLODULW\
EHWZHHQWZRVLJQDOVDQGWKXVHQMR\VDKLJKGHJUHHRILPPXQLW\IURPWKHSURSHUWLHVRISDUWLFOHVDQG




WKH SULQFLSOHV RI PDVV IORZ UDWH PHDVXUHPHQW DQG PRLVWXUH FRQWHQW HIIHFW RQ WKH HOHFWULILFDWLRQ RI
SQHXPDWLFDOO\FRQYH\HGSDUWLFOHV





7KH DPRXQW RI FKDUJH FDUULHG RQ SDUWLFOHV FDQ EH GHWHFWHG E\ D PHWDOOLF HOHFWURVWDWLF HOHFWURGH LQ




m s c c rmsq K v A          
ZKHUH vc LV WKH SDUWLFOH YHORFLW\ PV Arms LV WKH URRWPHDQVTXDUH YDOXH RI PHDVXUHG HOHFWURVWDWLF















IXQFWLRQ >@ 7KH FURVVFRUUHODWLRQ IXQFWLRQ EHWZHHQ WKH WZR VLJQDOV xt DQG yt LV GHILQHG DV
IROORZV





V V          
ZKHUH Ȗxy LV WKH FURVV FRYDULDQFH EHWZHHQ xt DQG yt DQG ıx DQG ıy DUH WKH YDULDQFHV RI WKH WZR
VLJQDOVUHVSHFWLYHO\
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
nLVWKHQXPEHURILPSDFWVq0 LVWKHLQLWLDOFKDUJHRQWKHVSKHUH İLVWKHSHUPLWWLYLW\RIWKHYDFXXPİ 
LVWKHUHODWLYHSHUPLWWLYLW\RIDLUSLVWKHFRQWDFWDUHD zLVWKHJDSEHWZHHQWKHFRQWDFWERGLHVf LVWKH
IUHTXHQF\ ZKHQ WKH VSKHUH LPSDFWV DW UHJXODU LQWHUYDOV DQG k k DQG kDUH FRQVWDQWV 6LQFH WKH
HOHFWURVWDWLF FKDUJH RQ WKH VSKHUH E\ PHDQV RI LPSDFW LV UHODWHG WR WKH UHODWLYH SHUPLWWLYLW\ RI DLU
ZKLFKGHSHQGVRQPRLVWXUHFRQWHQWDFFRUGLQJ WR(TXDWLRQ  WKH LQFUHDVHGPRLVWXUHFRQWHQWKDVD






q Dds ³ JG          
ZKHUH
D EHH 
JG JG          
qs LVWKHFKDUJHRQWKHHOHFWURGHVXUIDFH 経屎王 LVWKHHOHFWULFIOX[DQG 継屎王 LVWKHHOHFWULFILHOG(TXDWLRQ
LPSOLHV WKDW WKH HOHFWULF IOX[ UHGXFHV ZLWK WKH PRLVWXUH FRQWHQW ZKHQ SDUWLFOHV WUDQVSLULQJ LQ WKH
FRQYH\LQJSURFHVVWKXVUHVXOWLQJLQZHDNHULQGXFHGFKDUJHRQWKHHOHFWURGH
 ([SHULPHQWDOVHWXS








D([SRVHGHOHFWURGH     E,QVXODWHGHOHFWURGH
)LJXUH&URVVVHFWLRQDOYLHZVRIHOHFWURVWDWLFHOHFWURGHV
$V FDQ EH VHHQ IURP )LJXUH  WKH GLIIHUHQFH EHWZHHQ WKH H[SRVHG DQG WKH LQVXODWHG HOHFWURVWDWLF
HOHFWURGHV LV WKDW WKH ODWHU RQH KDV DQ LQVXODWLRQ SRO\R[\PHWK\OHQH 320 OD\HU EHWZHHQ WKH LQQHU
VXUIDFH RI WKH HOHFWURGH DQG WKH SDUWLFOH IORZ ,Q FRQVLGHUDWLRQ RI WKH HIIHFW RI D[LDO ZLGWK RQ WKH



























HOHFWURGHVDUH VHSDUDWHO\ WUDQVPLWWHG WR WZR LGHQWLFDO VLJQDO FRQGLWLRQLQJ DQGSURFHVVLQJFLUFXLWV DV
LOOXVWUDWHG LQ )LJXUH  XVLQJ LQGHSHQGHQW VFUHHQHG FDEOHV ZLWK 7KUHDGHG 1HLOO±&RQFHOPDQ 71&
FRQQHFWRUV RQ WKH VHQVLQJ KHDG 7KH HOHFWURQLF FLUFXLW HVVHQWLDOO\ FRQYHUWV WKH ZHDN HOHFWURVWDWLF
FXUUHQWVLJQDOVLQWRYROWDJHVLJQDOVZLWKSURSHUPDJQLWXGHDQGILOWHUVWKHXQZDQWHGKLJKIUHTXHQF\DQG
SRZHUIUHTXHQF\QRLVHV$1,86%GDWDDFTXLVLWLRQFDUGZLWKDVDPSOLQJIUHTXHQF\RIN+]












VFUHZ IHHGHU SURYLGHV D IL[HG DQG VWDEOH PDVV IORZ UDWH RI SDUWLFOHV ZLWK WKH DLG RI DQ HPEHGGHG
HOHFWURQLF FRQWURO V\VWHP )XUWKHUPRUH DQ RIIOLQH FDOLEUDWLRQ SURFHVV ZDV FRQGXFWHG XVLQJ D

































SRZGHU ± ± ± SRURXV
$VHULHVRIH[SHULPHQWDOWHVWVZDVFRQGXFWHGXVLQJWZRW\SHVRIUHSUHVHQWDWLYHPDWHULDOJODVVEHDGV
DQGDFWLYDWHGFDUERQSRZGHU7KHDPELHQWWHPSHUDWXUHDQGUHODWLYHKXPLGLW\LQWKHODERUDWRU\GXULQJ
WKH WHVWV ZHUH Û& DQG  UHVSHFWLYHO\ *ODVV EHDGV UHSUHVHQW QRQSRURXV PDWHULDOV ZKLFK DUH
ZLGHO\XVHGLQVDQGEODVWLQJFRDWLQJDQGPLQHUDOSRZGHUSURGXFWLRQ)RUH[DPSOHVLOLFRQFDUELGHD
QRQSRURXV PDWHULDO LV XVHG DV ZHDUUHVLVWDQW FRDWLQJ LQ RUGHU WR DFKLHYH WKH SURSHUWLHV RI KLJK
WHPSHUDWXUHDQGZHDUUHVLVWDQFHLQDSQHXPDWLFFRQYH\LQJV\VWHP$FWLYDWHGFDUERQSRZGHULVVLPLODU
WR SXOYHULVHG FRDO WKH PRVW FRPPRQ IRVVLO IXHO XVHG DW WKHUPDO SRZHU SODQWV LQ WHUPV RI SRURXV


VWUXFWXUH DQG FKHPLFDO FRPSRVLWLRQ $ FRPSDULVRQ RI WKH NH\ SURSHUWLHV EHWZHHQ WKH WZR NLQGV RI
PDWHULDOVLVVKRZQLQ7DEOH$VFDQEHVHHQIURP7DEOHJODVVEHDGVDQGDFWLYDWHGFDUERQSRZGHU
KDYH VLPLODU SURSHUWLHV LQ FRPSDULVRQ ZLWK VLOLFRQ FDUELGH DQG SXOYHULVHG FRDO UHVSHFWLYHO\ *ODVV
EHDGVDUHPDGHXSRIVLOLFRQR[LGHZLWKQRQSRURXVSK\VLFDOVWUXFWXUHZKHUHDVDFWLYDWHGFDUERQ LVD
IRUP RI FDUERQ SURFHVVHG WR KDYH VPDOO ORZYROXPH SRUHV ZKLFK FUHDWHV KLJKHU DELOLW\ RI ZDWHU
DEVRUSWLRQFRPSDUHGWRJODVVEHDGVZKLOHWKHLUWUXHGHQVLWLHVDUHYHU\FORVH
7DEOH OLVWV WKHJODVVEHDGV WHVW FRQGLWLRQV 7&VXQGHU WKUHHGLIIHUHQWPRLVWXUHFRQWHQWV DQGPDVV
IORZUDWHVZKHQWKHSDUWLFOHVYHORFLW\ZDVPHDVXUHGDWDQGPVQDPHO\vvv
DQGvUHVSHFWLYHO\7KHPRLVWXUHFRQWHQWLVGHILQHGDVWKHPDVVUDWLRRIPRLVWXUHWRWKHSDUWLFOHVSHU
XQLW YROXPH LQ WKLV VWXG\ 7KUHH GLIIHUHQW PRLVWXUH FRQWHQW FRQGLWLRQV   DQG  ZHUH
FUHDWHG GXULQJ WKH WHVWV E\ DGGLQJ D FHUWDLQ DPRXQW RI ZDWHU WR WKH JODVV EHDGV 7KH WRWDO OHQJWK
EHWZHHQ WKH IHHGLQJDQGPHDVXUHPHQWSRLQWZDVDERXWP7KHPRLVWXUHFRQWHQW LQ WKHSDUWLFOHV
UHGXFHVLQWKHVHQVRUSRLQWGXHWRSQHXPDWLFGU\LQJKRZHYHUWKHHYDSRUDWHGZDWHULVVWLOOLQWKHIORZ
PL[HGZLWKFRQYH\LQJDLU$³SUHKHDW´SURFHVVIRUDERXWWZRPLQXWHVZDVDOVRSHUIRUPHGWRDOORZ
WKH FKDUDFWHULVWLFV RI WKH IORZ UHDFK D UHODWLYHO\ VWHDG\ VWDWH 0HDQZKLOH WKUHH PDVV IORZ UDWHV RI
SDUWLFOHVLHJVJVDQGJVZKLFKDUHHTXLYDOHQWWRWKHYROXPHWULFFRQFHQWUDWLRQRI






0DVVIORZUDWHJV 0RLVWXUHFRQWHQW  
 7& 7& 7&
 7& 7& 7&




FDUERQ SRZGHU VKRZV ZRUVH IORZDELOLW\ DV WKH PRLVWXUH PROHFXOHV DUH DGKHUHG WR WKH VXUIDFH DQG
DEVRUEHGLQVLGHWKHSDUWLFOHVWRIRUPPRLVWXUHERQGVWKHUHE\FDXVLQJWKHSDUWLFOHVWRFRKHUH>@2Q
WKH RWKHUKDQG SDUWLFOHV ZLWK D ILQHU VL]H UDQJH DUH OHVV IUHH IORZLQJ IRU WKHUH LV D QDWXUDO IRUFH RI
DWWUDFWLRQEHWZHHQSDUWLFOHV WKDW LQFUHDVHVZLWKGHFUHDVLQJVL]H >@7KHUHIRUH WKH WHVWPDWUL[HV IRU































LQVXODWHG HOHFWURGHV XQGHU WKH WZR FRQGLWLRQV DUH  9  9 DQG  9  9 UHVSHFWLYHO\
)XUWKHUPRUH WKH HOHFWURVWDWLF VLJQDOV IURP WKH H[SRVHG HOHFWURGH IOXFWXDWH PRUH VLJQLILFDQWO\ WKDQ
WKRVHIURPWKHLQVXODWHGRQHV7KDWLVSDUWO\EHFDXVHFHUWDLQSDUWLFOHVFRQWDFWWKHLQQHUVXUIDFHRIWKH
H[SRVHGHOHFWURGHVUDQGRPO\
7KHPRLVWXUHFRQWHQWDIIHFWVQRWRQO\ WKHPDJQLWXGHRI WKHPHDVXUHGVLJQDOVEXWDOVR WKHIUHTXHQF\










)LJXUH  VKRZV WKH PHDVXUHG UPV YDOXHV XVLQJ WKH  PP LQVXODWHG HOHFWURGH XQGHU 7& WR 7& 
ZKHQSDUWLFOHYHORFLWLHVDUHv1DQGv3,WLVHYLGHQWWKDWHOHFWURVWDWLFFKDUJHVUHGXFHZLWKWKHPRLVWXUH










































































7KHFRHIILFLHQWVKc DQGb WKDWDUHGHWHUPLQHGXVLQJ WKH WHVWGDWDXQGHU7&DUHDSSOLHGWR7&DQG
7&,WFDQEHVHHQIURP)LJXUHWKDWPRLVWXUHFRQWHQWLQIOXHQFHVWKHDFFXUDF\RIWKHPDVVIORZUDWH




GHWHUPLQH Kc DQG b IRU HDFK WHVW FRQGLWLRQ DQG WKH UHFDOLEUDWHG UHVXOWV DUH VKRZQ LQ )LJXUH  F








































































FRQGLWLRQV$V VKRZQ LQ)LJXUH D WKH UPVFKDUJH OHYHO LVSURSRUWLRQDO WR WKHYHORFLW\DQGPDVV











































4.3. Activated carbon results 
7KHDPELHQWWHPSHUDWXUHDQGUHODWLYHKXPLGLW\LQWKHDFWLYDWHGFDUERQSRZGHUWHVWVZHUHÛ&DQG






































































Kc  b  Kc b 
v1 v2 v3 v4 















)LJXUH  VKRZV WKH FRUUHVSRQGLQJ 36' RI HOHFWURVWDWLF VLJQDO XQGHU 7& DQG 7& 7KH PDLQ
IUHTXHQFLHV IURP WKH VLJQDOV RI H[SRVHG HOHFWURGH DUH  +] DQG  +] XQGHU 7& DQG 7&








































)LJXUH  D VKRZV WKH UPV FKDUJH OHYHOV RI WKH DFWLYDWHG FDUERQ SRZGHU XQGHU 7& DQG 7&
UHVSHFWLYHO\ZLWK WKH LQFUHDVHRISDUWLFOHYHORFLW\$VFDQEH VHHQ IURP)LJXUHD WKHPHDVXUHG
UPV FKDUJH OHYHOV EHFRPH JUHDWHU ZLWK WKH SDUWLFOH YHORFLW\ 7KH FRHIILFLHQWV Kc DQG b WKDW DUH
GHWHUPLQHGXVLQJWKHWHVWGDWDXQGHU7&DUHDSSOLHGWR7&DVVKRZQLQ)LJXUHE7KHUHODWLYH
HUURUYDULHVZLWKLQWKHUDQJHRIZKHQWKHDFWLYHFDUERQSRZGHUKDVDPRLVWXUHFRQWHQWRI


























































PRLVWXUH FRQWHQW KDV D PRUH VLJQLILFDQW HIIHFW RQ WKH PDVV IORZ UDWH PHDVXUHPHQW RI WKH SRURXV







ZLWK WKH PRLVWXUH FRQWHQW DQG WKXV UHVXOW LQ XQSUHGLFWDEOH HUURUV RQ PDVV IORZ PHDVXUHPHQW RI
SQHXPDWLFDOO\FRQYH\HGSDUWLFOHV7KHUHGXFWLRQLQWKHUPVYDOXHLVJUHDWHUZKHQWKHSDUWLFOHVPRYHDW
DKLJKHUYHORFLW\)XUWKHUPRUHPRLVWXUHFRQWHQWDIIHFWVSRURXVPDWHULDOVPRUHRQHOHFWURVWDWLFVHQVLQJ
EDVHG PDVV IORZ PHDVXUHPHQW DV WKH PHDVXUHPHQW HUURU LQFUHDVHV DV KLJK DV  ZLWK PRLVWXUH
FRQWHQW ZKLOH WKH PD[LPXP PHDVXUHPHQW HUURU LQ JODVV EHDGV WHVWV LV XQGHU  7KH PDLQ





KDV EHHQ DFKLHYHG 7KHUHIRUH WKH HOHFWURVWDWLF VHQVLQJ EDVHG PDVV IORZ LQVWUXPHQW LV FDSDEOH RI
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